Fanconi anaemia (FA) is an autosomal recessive genetic disorder characterized by progressive bone marrow failure, multiple congenital abnormalities, and an increased risk of cancer. FA cells are characterized by chromosomal instability and hypersensitivity to DNA interstrand crosslinking agents. At least eight complementation groups exist (FA-A to G), and the genes for all of these except FA-B have been cloned. Functional linkage between the FA pathway and genes involved in susceptibility to breast cancer has been demonstrated by the interaction of the FANCA and FANCD2 proteins with BRCA1, and the discovery that the FANCD1 gene is identical to BRCA2. Here we have used the yeast two-hybrid system to test for direct interaction between BRCA2 or its effector RAD51 and the FANCA, FANCC and FANCG proteins. We found that FANCG was capable of binding to two separate sites in the BRCA2 protein, located either side of the BRC repeats. Furthermore, FANCG could be co-immunoprecipitated with BRCA2 from human cells, and FANCG co-localized in nuclear foci with both BRCA2 and RAD51 following DNA damage with mitomycin C. These results demonstrate that BRCA2 is directly connected to a pathway that is deficient in interstrand crosslink repair, and that at least one other FA protein is closely associated with the homologous recombination DNA repair machinery.
INTRODUCTION
Fanconi anaemia (FA) is an autosomal recessive genetic disorder characterized by progressive bone marrow failure, multiple congenital abnormalities and an increased risk of cancer, particularly acute myeloid leukaemia. The cellular phenotype is characterized by chromosomal instability and hypersensitivity to DNA interstrand crosslinking (ICL) agents such as mitomycin C (MMC), diepoxybutane and cisplatin. At least eight complementation groups are known to exist (FA-A, B, C, D1, D2, E, F and G) (1) , and the genes for all of these groups except FA-B have been identified (2) (3) (4) (5) (6) (7) (8) (9) . The FANCA, FANCC, FANCE, FANCF and FANCG proteins are thought to form a nuclear complex (10) (11) (12) (13) (14) (15) which is required for the mono-ubiquitination of the FANCD2 protein (8, 16) . The modified form of this protein may then contribute to DNA repair by an unknown mechanism. Functional studies of FANCD2 have provided a link between the FA pathway and breast cancer susceptibility genes. Mono-ubiquitinated FANCD2 co-localizes with BRCA1 in nuclear foci at S-phase and following DNA damage, and BRCA1 is required for the damage-dependent mono-ubiquitination of FANCD2 (16) . Further links between these pathways come from evidence for direct interaction of the FANCA protein with BRCA1 (17) , and the recent finding of bi-allelic mutations in the BRCA2 gene in several cell lines from complementation group FA-D1 (9) . Furthermore, the wild-type BRCA2 gene functionally complements FA-D1 cells, indicating that FANCD1 and BRCA2 are the same gene (9) . However, since FA nuclear complex formation and mono-ubiquitination of FANCD2 appear to be normal in FA-D1 cell lines (12, 14, 18) , it is unclear whether BRCA2 functions in concert with the other FA proteins or whether it is part of a distinct pathway.
BRCA2 is a large protein consisting of 3418 amino acids. It has been shown to interact directly with the key homologous recombination (HR) protein RAD51 via a series of eight BRC repeats in the central part of the protein and a region in the C-terminus (19) , and is thought to play a major role in regulating RAD51 activity by controlling its ability to bind single-stranded DNA (ssDNA) and form the nucleoprotein filaments required for the HR process (20) . Since the HR pathway in mammalian cells is thought to have an integral role in the repair of ICLs (21) , it is quite possible that the BRCA2-RAD51 complex is part of the FA ICL repair pathway. We have used the yeast two-hybrid system to test for direct interaction between the FANCA, FANCC and FANCG proteins and BRCA2 or RAD51, and further investigated positive interactions by co-immunoprecipitation and co-localization studies in human cells.
RESULTS

Yeast two-hybrid analysis
In this study we have used the yeast two-hybrid system to test for direct interaction of the FANCA, FANCC and FANCG proteins with BRCA2 or RAD51. In view of the large size of the BRCA2 protein and the presence of an N-terminal transactivation domain, it was tested for interaction using a series of overlapping fragments cloned into the GAL4 DNA binding domain vector (BD).These covered the entire coding region of the gene (see Fig. 1A ). The fragment of BRCA2 encoding the N-terminal amino acid residues 1-523 was cloned into the activation domain vector for testing against the FA proteins, since it is strongly auto-activated when fused to GAL4-BD (see Methods). Examples of filters showing reporter gene activation and negative controls are shown in Figure 1B . No interactions were detected between the full length FANCA or FANCC proteins and any of the BRCA2 fragments in at least three independent experiments (data not shown). However, several BRCA2 fragments interacted reproducibly with FANCG in both co-transfection and yeast mating experiments ( Fig. 1A and B) . These data indicate that FANCG is capable of binding to two separate sites in BRCA2, one in the N-terminal and one in the C-terminal region of the protein. The N-terminal BRCA2 interacting fragments spanned amino acids 499-994 and 673-1167, but the interaction with amino acids 499-994 produced much stronger reporter gene activation than with amino acids 673-1167, suggesting that residues 499-672 are likely to be important for the interaction in this region. FANCG also interacted with five overlapping fragments in the Cterminal region of BRCA2 spanning amino acids 2118-2967 (Fig. 1A) . Extrapolation of the mapping data ( Fig. 1) indicates that this region of interaction with FANCG involves amino acids 2350-2967, with the region from 2350-2545 producing the strongest activation of the reporter genes. The locations of the two FANCG binding sites in BRCA2 are indicated in Figure 1C .
The relative strengths of these interactions were assessed by semi-quantitative analysis based on the extent of reporter gene activation (13, 22) . Figure 2 shows that reporter gene activation for both the FANCG-BRCA2 amino acids 499-994 and FANCG-BRCA2 amino acids 2118-2566 interactions was very similar to the strength of reporter gene activation for the FANCA-FANCG protein pair, which is a previously characterized and very strong interaction (11, 13) . In order to map the site of interaction in FANCG with the C-terminal region of BRCA2, we tested a series of FANCG fragments described previously (22) for their ability to interact with the BRCA2 amino acids 2118-2566 fragment. It was found that both the Nterminal (amino acids 1-313) and C-terminal (amino acids 305-622) segments of FANCG retained the ability to interact with BRCA2, but that reporter gene activation was greatly reduced in both instances (Fig. 2) . This indicates that binding of FANCG to BRCA2 is not confined to a single defined region of FANCG. The patient-derived mutation FANCG-G546R (23, 24) did not disrupt the interaction of FANCG with BRCA2 in the yeast two-hybrid analysis (data not shown), but this mutation also does not prevent the interaction of FANCG with either FANCA or FANCF (25) .
In this study we also tested for direct interaction of FANCA, FANCC and FANCG with RAD51 in the yeast two-hybrid system. Although full-length RAD51 was found to interact readily with itself ( Fig. 2) , an interaction which has been well established (26) , no interaction was found when it was tested against FANCA, FANCC or FANCG in three independent experiments (data not shown).
FANCG co-immunoprecipitates with BRCA2
In order to confirm the interaction of FANCG with BRCA2, we transiently transfected human embryonic kidney (HEK) 293T cells with plasmids encoding Myc-tagged FANCG and the C-terminal region of BRCA2 (amino acids 2126-3418) tagged with the Flag epitope. Immunoprecipitation was performed using Flag antibody, followed by western blotting with Myc antibody. These experiments confirmed that the C terminal fragment of BRCA2 was able to interact with FANCG ( Fig. 3 , lane 2). As a negative control, Flag-tagged CYLD (a gene with no known connections to the FA pathway) and Myc-tagged FANCG were co-transfected and subjected to immunoprecipitation with Flag antibody; no FANCG was pulled down (Fig. 3 , lane 1).
FANCG co-localizes with RAD51 and BRCA2 following DNA damage
In view of the BRCA2-FANCG interaction in the yeast twohybrid system, and their co-immunoprecipitation from human cells, we next tested for the ability of FANCG to co-localize into nuclear foci containing RAD51 and BRCA2 following a relevant form of DNA damage. Initially we sought to optimize the conditions under which DNA repair foci formed following treatment with mitomycin C (MMC). HeLa cells were exposed to a range of concentrations of MMC for various periods of time, and cells were stained for endogenous RAD51 using an affinity-purified mouse monoclonal anti-RAD51 antibody. It was found that treating cells with 50 ng/ml MMC for 1 h followed by a 3 h incubation period caused an optimal and dramatic increase in the number of cells containing RAD51 foci and in the number of foci per cell (Fig. 4A ). An MMC concentration of 40 ng/ml was previously shown to induce nuclear foci of FANCD2 in HeLa cells (27) . In order to assess whether FANCG also co-localized to these foci, HeLa cells were transfected with EGFP-tagged FANCG, stained for endogenous RAD51, and examined by confocal immunofluorescence microscopy. Before MMC treatment, FANCG and RAD51
were found mostly in a diffuse nuclear pattern (Fig. 4B ). RAD51 foci were present in some cells, but FANCG did not colocalize in the majority of these (Table 1 ). However, following MMC treatment, FANCG and RAD51 co-localized in about 90% of nuclear foci ( Fig. 4B and Table 1 ). Since we had observed that FANCG and RAD51 did not bind each other directly in the yeast two-hybrid system, the interaction detected here is likely to be indirect, and may occur via BRCA2, given the FANCG-BRCA2 interaction that we detected in the yeast two-hybrid system.
Using the same experimental conditions as for RAD51, we next tested to see whether EGFP-FANCG was able to colocalize with BRCA2. In these experiments an affinity-purified rabbit polyclonal anti-BRCA2 antibody was used to stain for endogenous BRCA2. Although we were able to detect some BRCA2 nuclear dots in some cells before MMC treatment, FANCG co-localized to only a minority of these sites (Table 2) . However, following MMC treatment the number of BRCA2 foci per cell increased substantially, and FANCG co-localized to more than 90% of these foci ( Fig. 4C and Table 2 ). Taken together, these data indicate that FANCG and BRCA2 together with RAD51 co-operate in mounting the cellular response to damage with ICL agents.
DISCUSSION
In this study we describe the first reported interaction of BRCA2 with another component of the FA pathway, the FANCG protein. The interaction was detected initially by yeast two-hybrid analysis, and confirmed in multiple co-transfection and yeast mating experiments. The FANCA and FANCC The FANCG protein was capable of binding to two distinct sites in the BRCA2 protein, which map either side of the BRC repeat region. The N-terminal binding site is not highly conserved (28), and does not contain known functional motifs. However, the C-terminal binding site overlaps with the BLAT domain, a region which we have previously shown to be highly conserved between diverse species (28). In addition, many disease-associated missense mutations map to this region (29) . These observations suggest an important function for this segment of BRCA2. We have previously reported that the DSS1 protein, encoded by a gene that is deleted in human hereditary split hand-split foot syndrome, binds to the BRCA2 region amino acids 2472-2947 (30) . This segment of BRCA2 interacted weakly with FANCG in our yeast two-hybrid analysis. However, DSS1 does not interact with BRCA2 amino acids 2118-2566, which is the segment which produces the strongest activation of the reporter gene with FANCG, thus it is likely that this 70 amino acid peptide and FANCG have independent binding sites in this C-terminal region of BRCA2. The tertiary structure of this C-terminal region of BRCA2 has recently been solved (31) . It was found that amino acids 2470-2670 consisted of a series of 10 alpha helices, whilst amino acids 2670-3200 formed three adjacent oligonucleotide binding (OB) folds, with the first OB fold (OB1) being comprised of amino acid residues 2670-2810. Our yeast two-hybrid mapping data (Fig. 1A) indicate that FANCG binds to the alpha helical domain of BRCA2, with the OB1 fold also participating in the interaction. It has recently been suggested, on the basis of database searches, that FANCG contains a protein-protein interaction motif known as a tetratricopeptide repeat (TPR) motif (32) . Interestingly, the crystal structure of this motif has also been solved, and has been shown to be capable of forming structures ideally suited to accept alpha helices from a target protein (33) .
How do our results fit into current models of the FA pathway? FANCD1/BRCA2 is thought to be a downstream target in the pathway, whereby the FA complex consisting of FANCA, C, E, F and G is involved in the mono-ubiquitination of the FANCD2 protein, which then interacts with the BRCA2-RAD51 complex (34) . However, given the FANCG-BRCA2 interaction described in this study, the situation is likely to be more complex. Since FA nuclear complex formation and FANCD2 mono-ubiquitination are normal in FA-D1 cells (12, 14, 18) , it seems unlikely that BRCA2 functions in the FA core complex. However, it is not known whether the FA complex exists as a constitutive multi-subunit complex or whether smaller subunits can have discrete functions in the cell (35) . Therefore, although FANCG is part of the FANCD2 ubiquitinating FA complex, it may also have some additional role in the repair process via an independent interaction with BRCA2 that occurs in response to the relevant form of DNA damage (Fig. 5) . This is in some respects not unlike the situation with BRCA1, which has been shown to be required for damage dependent FANCD2 mono-ubiquitination (16) , and is also thought to be more intimately associated with the HRR Figure 2 . Strength of reporter gene activation. The strengths of the various interactions detected in this study were analysed using the method described previously (13, 22) to calculate the extent of reporter gene activation (see Methods). Results are from four to eight independent mating experiments. Error bars show the standard deviations from the mean. machinery (36, 37) . Indeed, if the FA pathway is a major player in the repair of ICLs, it is perhaps likely that some of the FA proteins have more intimate roles in the repair process than the previously proposed model would suggest.
What might the precise function of the FANCG-BRCA2 interaction be? Our results showed that FANCG was capable of binding BRCA2 either side of the RAD51-binding BRC repeats. Structural analysis of the BRC repeat 4-RAD51 complex has shown that a single BRC repeat is capable of binding to the core region of a single RAD51 molecule (38) . However, weakening RAD51 affinity by a mutation in just one BRC repeat was enough to increase breast cancer susceptibility, Figure 4 . FANCG co-localizes with RAD51 and BRCA2 in response to DNA damage. (A) HeLa cells were treated with MMC and stained for endogenous RAD51 using an affinity-purified mouse monoclonal anti-RAD51 antibody followed by TRITC conjugated anti-mouse antibody. (B) Transfected EGFP-FANCG and endogenous RAD51 both showed a predominantly diffuse nuclear pattern in untreated cells. Upon exposure to MMC, these two proteins co-localized into the same foci as indicated by the merged panel. RAD51 was detected as in (A). (C) Transfected EGFP-FANCG and endogenous BRCA2 do not co-localize appreciably in untreated cells. When the cells are treated with MMC, the two proteins co-localize into the same foci as indicated by the merged panel. BRCA2 was detected using affinity-purified rabbit polyclonal anti-BRCA2 antibody followed by TRITC conjugated anti-rabbit antibody.
and thus the remaining seven repeats are not able to compensate for function. The authors propose that the eight repeats cooperate as an RAD51-binding module, and that by simultaneous interaction via successive repeats BRCA2 may help to order the spatial distribution of RAD51 molecules when they are loaded onto ssDNA during nucleoprotein filament formation. The structural symmetry of FANCG binding to BRCA2 in relation to the BRC repeats may therefore be relevant, and it is possible that FANCG helps BRCA2 to achieve the unloading of groups of RAD51 molecules in a particularly ordered fashion. Damage-dependent RAD51 foci formation is also impaired in FA complementation groups, including in FA-G cells (39, 40) . FANCG may therefore have some general role in regulating the coordinated release of RAD51 onto ssDNA. The initiation of RAD51 nucleoprotein filament formation has also been attributed to the function of the RAD51 paralogues, whose chicken DT40 mutant cell lines have been shown to have very similar phenotypes to FA cells (41) . It has recently been demonstrated that normal replicationassociated S-phase RAD51 foci and damage-dependent RAD51 foci assemble by distinct pathways, being BRCA2-independent and BRCA2-dependent respectively (42) . A related observation was made in this study where FANCG does not seem to associate significantly with normal S-phase RAD51 foci but does so only after DNA-damage. FANCG and BRCA2 may therefore only be involved in assisting RAD51-mediated recombination specifically in response to DNA damage. FANCD2, however, is capable of co-localizing with S-phase RAD51 foci in untreated cells (43) .
In conclusion, the interaction that has been detected between FANCG and BRCA2 demonstrates a direct link between the Fanconi anaemia pathway and a protein with an important role in homologous recombination repair. A priority for further study will be to establish the molecular nature of the connection between the mono-ubiquitination of FANCD2 and the recruitment of BRCA2 to the repair of DNA interstrand crosslinks.
MATERIALS AND METHODS
Plasmid constructs
Yeast two-hybrid FANCA, FANCC and FANCG fragment plasmid constructs (22) and BRCA2 fragment constructs (30) were generated as described previously to generate in-frame fusions with either the GAL4 DNA binding domain (BD) or activation domain (AD). The Gly546Arg mutant of FANCG was made by site-directed mutagenesis as described (44) . Reverse transcription (RT) from total RNA was done to obtain the full length RAD51 cDNA using the Omniscript RT kit (Qiagen) according to the manufacturer's instructions. The primer used for the RT was 5 0 TTTCCCGGAAGCTTTATCCTGG3 0 . Subsequent PCR was done using the platinum pfx high fidelity DNA polymerase system (Life Technologies) for the introduction of restriction sites and the amplification of RAD51 cDNA. The primer sequences used were forward primer 5 0 TCGGAGCCCGGGGCCTGCTG3 0 and reverse primer 5 0 TCTCATTAGGCTGCAGCACTTAAGG3 0 . The product was digested and ligated using the SmaI and PstI sites of the pGBKT7 and pGADT7 vectors to give in-frame fusions with the GAL4 DNA-BD and GAL4 DNA-AD respectively. Direct sequencing was used to verify the presence of the wild-type sequence.
In order to generate the pEGFP-FANCG construct, the fulllength FANCG cDNA was initially subcloned into the pDNR vector (Clontech) from the pGADT7-FANCG construct (22) . The FANCG insert was then shuttled from the pDNR-FANCG vector into the plp-EGFP vector (Clontech) using the Creator cre-loxP cre-recombinase system (Clontech) to give an in-frame fusion of the FANCG insert with the EGFP sequence. pFANCGmyc was made by subcloning the insert from pEGFP.FANCG into pcDNA3.1myc [pcDNA3.1(þ) with 6xmyc tags inserted]. pBRCA2.C flag was made by subcloning nt 6603-10251 into a construct derived from pMTSM which had been modified to contain an N-terminal flag-tag and was named pMTSMIVS. Only cells expressing EGFP-FANCG were scored. Data were pooled from three independent transfection experiments. Only cells expressing EGFP-FANCG were scored. Data were pooled from three independent transfection experiments.
Yeast two-hybrid assays
The MATCHMAKER Two Hybrid System 3 (Clontech) was used for yeast two-hybrid analysis according to the manufacturer's instructions and as described previously (13) . Briefly, bait and prey constructs were either sequentially transformed into yeast cells and subjected to selection on (-trp-leu-his-ade) medium, or transformed separately into two different yeast strains and mating cultures plated onto selection medium. Colonies were then transferred onto filters and tested for b-galactosidase expression with X-gal. Each experiment was performed at least three times, and constructs were tested for self-activation and against a series of control plasmids. 3-Aminotriazole, 5 mM, was added to growth media to suppress autoactivation of some constructs. The BRCA2 gene was divided into fragments for yeast two-hybrid testing since the transactivation domain at its N-terminus causes autoactivation of reporters and prevents testing of the full-length BRCA2 protein.
A semi-quantitative test of interaction strength based on the extent of reporter gene activation was carried out in mating assays as previously described (13, 22) , where reporter gene activation
where n ¼ number of blue colonies, C ¼ intensity of blue colour, t ¼ time of colony growth prior to LacZ expression testing and T ¼ time taken for colour development.
Co-immunoprecipitation
Human embryonic kidney (HEK) 293T cells were grown at 37 C at 10% CO 2 in Dulbecco's modified essential media þ 10% fetal calf serum (FCS; Life Technologies). Constructs were transiently transfected into the cells using Effectene (Qiagen) and lysates were harvested at 48 h using 0.25 ml NP40 lysis buffer per 10 cm plate. Immunoprecipitation was performed by incubating protein G beads, lysate and antibody rotating at 4 C overnight. Antibodies used were M2 flag antibody (Sigma) and c-myc A14 rabbit antibody (Santa Cruz).
The beads were then suspended in sodium dodecyl sulphate (SDS) sample buffer, boiled and separated by electrophoresis on 8 or 10% polyacrylamide gels. Western blots were performed using the same antibodies.
Immunofluorescence and microscopy
HeLa cells used for all immunofluorescence experiments were cultured at 37 C at 5% CO 2 in DMEM supplemented with 10% FCS. Exponentially growing cells on four well chamber slides (Becton Dickinson) were transfected with pEGFP-FANCG plasmid using Superfect Transfection Reagent (Qiagen) as per the manufacturer's instructions. After 14 h, the growth media for cells to be treated was replaced with fresh media containing 50 ng/ml MMC (Sigma) and incubated for 1 h. After washing cells extensively in serum free media, fresh growth media was added and the cells were returned to incubation for 3 h. Cells were then fixed with 4% paraformaldehyde in phosphate buffered saline (PBS) for 20 min and permeabilized with 2% Triton X-100 in PBS for 10 min. Blocking buffer (5% FCS, 0.2% fish skin gelatine, 0.2% Tween-20 in PBS) was then added to the cells for 30 min. Cells were then incubated with an affinity purified mouse monoclonal anti-RAD51 antibody (Abcam ab213) at 1/100 dilution or affinity purified rabbit polyclonal anti-BRCA2 antibody (Abcam ab9143) at 1/300 dilution in blocking buffer for 2 h at room temperature. After washing five times with PBS þ 0.2% Tween-20, cells were then incubated in blocking buffer with either TRITCconjugated anti-mouse antibody or TRITC-conjugated antirabbit antibody (Jackson Immunoresearch) at 1/300 dilution for 1 h at room temperature. After five more washes in PBS þ 0.2% Tween-20, chamber walls were removed and slides were mounted in vectashield (Vector Laboratories). All imaging was performed using a confocal laser scanning microscope (Zeiss LSM 510). Counts of the number of FANCG foci co-localising with RAD51 or BRCA2 were obtained from three independent transfections, with approximately 100 FANCG-expressing cells counted per transfection.
